Run-and-tumble (RNT) motion is a prominent locomotion strategy employed by many living microorganisms. It is characterized by straight swimming intervals (runs), which are interrupted by sudden reorientation events (tumbles). In contrast, directional changes of synthetic microswimmers (active particles, APs) are caused by rotational diffusion, which is superimposed with their translational motion and thus leads to rather continuous and slow particle reorientations. Here we demonstrate that active particles can also perform a swimming motion where translational and orientational changes are disentangled, similar to RNT. In our system, such motion is realized by a viscoelastic solvent and a periodic modulation of the self-propulsion velocity. Experimentally, this is achieved using light-activated Janus colloids, which are illuminated by a time-dependent laser field. We observe a strong enhancement of the effective translational and rotational motion when the modulation time is comparable to the relaxation time of the viscoelastic fluid. Our findings are explained by the relaxation of the elastic stress, which builds up during the self-propulsion, and is suddenly released when the activity is turned off. In addition to a better understanding of active motion in viscoelastic surroundings, our results may suggest novel steering strategies for synthetic microswimmers in complex environments.
Introduction
Synthetic microswimmers or active particles (APs) [1, 2, 3, 4, 5, 6, 7, 8, 9] currently receive considerable attention because their properties resemble the behavior of living microorganisms [10, 11, 13, 12] . Similar to their biological counterparts, APs can form clusters [14, 15, 16] , respond to external chemical [17] and light [18] gradients or to gravity [19] and external flows [20] . In both cases, the translational mean square displacement (MSD) displays a short-time ballistic and a long-time effective diffusive behavior. Despite such common features between biological and synthetic microswimmers, notable differences occur. For instance, the trajectories of E. Coli are comprised of alternate periods of rather straight segments with almost constant velocity v (runs), and abrupt short-lived reorientation events (tumbles) which result in rather sudden directional changes [21, 22] . In contrast, the angular dynamics of synthetic microswimmers is determined by their rotational diffusion which -for micronsized particles -is on the order of several tens up to hundreds of seconds [23, 13] . Because orientational and positional changes are superimposed, directional changes of active particles are typically rather smooth compared to their biological counterparts.
Here we demonstrate that APs can also perform a swimming motion where translational and orientational changes are decoupled in time. Such run-and-tumblelike propulsion scheme can be induced in a suspension of APs being immersed in a viscoelastic medium when their self-propulsion is periodically turned on and off with modulation time T mod . While the particles perform a rather straight forward swimming motion during the on-period, they experience a pronounced elastic recoil when the propulsion is turned off. Similar recoils have been previously observed in microrheological experiments where a (passive) colloidal particle was externally driven by an optical laser tweezer through a viscoelastic liquid [24] . When the optical trap was suddenly turned off, the relaxing microstructure of the fluid caused a transient backward motion of the particle, i.e. an elastic recoil. In case of an AP with time-modulated selfpropulsion as studied here, such recoils are found to strongly affect both, its translational and orientational dynamics. We observe that the shape of the trajectories strongly depends on T mod and that particle reorientation is most rapid when it is close to the relaxation time τ of the fluid. Our experimental findings suggest novel steering strategies for active colloids in e.g. crowded systems [25] or within patterned confinements [26] .
Experimental description
As active colloids, we used spherical silica particles with diameter 2R = 7.75 µm, which are half-coated by a 50 nm sputtered carbon layer (Fig.1a) . Such Janus-particles are immersed in a critical mixture of water and propyleneglycol n-propyl ether (PnP) with 0.4 PNP mass fraction. To render the fluid viscoelastic, we added 0.05% polyacrylamide (PAAm) (M w = 18 × 10 6 ). The solution exhibits a lower critical point as shown by the green line in Fig.1b . In the semidilute regime, such solutions are viscoelastic with a stress-relaxation time τ = 1.50 ± 0.10s (for details, see [27] ). As experimentally confirmed, the solution displays shear thinning behavior for Weissenberg numbers Wi > 1, where Wi= vτ /2R, with v the particle propulsion velocity [28] . It should be emphasized that in all experiments shown below, Wi < 0.3 where the fluid has a constant (zero) shear viscosity η 0 =0.100 ± 0.015 Pa s. In this regime, the mean viscous friction force on a particle has been confirmed to be proportional to its velocity [24] . • C. The nature of the demixing process is not affected by the presence of PAAm. (c) Self-propulsion velocity of a Janus particle with 2R = 7.75 µm as a function of the light intensity under steady illumination conditions for Newtonian (blue circles) and viscoelastic mixture (green squares). (d) Intensity protocol to realize a periodic modulation of particle self-propulsion. (e),(f) Positional and orientational configuration of an active particle whose self-propulsion is modulated in time with T mod = 1.5s and I max = 4 µW/µm 2 . (g),(h) Translational and angular mean-square displacements for periodical modulation (same conditions as in (e,f)) (blue) and homogeneous illumination with I max = 2 µW/µm 2 to ensure identical conditions (gray). A small amount of APs is immersed in the mixture and contained in a thin sample cell with height h ≈ 4R (Fig.1a) . Under such spatial confinement translational and rotational dynamics is limited to two dimensions [30, 31, 34] . In the absence of selfpropulsion, the translational and rotational diffusion coefficients determined from our experiments are D This value is about 50% below the corresponding Stokes-Einstein values and caused by hydrodynamic coupling to the walls [32] . The sample cell is thermally coupled to a water bath which is kept constant below the critical temperature at T = 25±0.1
• C. When the cell is illuminated with laser light (λ = 532 nm), it is absorbed by the carbon caps, which results in local demixing of the fluid (for our intensities this demixing region is at least one order of magnitude smaller than the particle size [34] ). This leads to a self-diffusiophoretic motion whose propulsion velocity is controlled by the incident light intensity as shown by the green symbols in Fig.1b [7, 33, 34] . To rule out a possible temperature dependence of the rheological properties of the viscoelastic mixture, which would influence the viscous drag experienced by APs, we have measured the shear-rate dependent viscosity of our system between 25
• C (bath temperature) and 31
• C, the latter being close to T C (for further details see appendix A). Within our experimental resolution, only a negligible temperature-dependence is observed.
Time-dependent propulsion forces were created by periodic variation of the laser intensity with T mod by a mechanical shutter, which periodically switches the illumination intensity between I max and zero (Fig. 1d) . In our protocol, we have chosen identical on and off duration times which guarantees that the time-averaged incident light intensity is independent of T mod . Particle positons and orientations were obtained by digital Comparison of the recoil motion of an AP when the illumination is suddenly turned off (green) and that of a colloidal particle which is suddenly released from a moving optical trap (red). The particle velocity prior to the recoil (t=0) was in both cases v ≈ 0.4µm/s and the particle size 2R = 7.75µm. The solid black line corresponds to an exponential fit x ∝ exp(−t/τ ), where τ = 1, 5 s. Inset: semilog representation of the main figure. video microscopy with a frame rate of 10 Hz and 50nm of spatial resolution. The particle orientation was determined directly from the optical contrast due to the carbon cap [27] .
Experimental Results
Before discussing the behavior of active particles in viscoelastic fluids, we will briefly discuss their motion in a Newtonian binary mixture, i.e. in absence of the PAAm. As shown by the blue lines in Fig.1b ,c phase diagram of a water-PNP mixtures is little affected by the presence of PAAm and only leads to small changes in the critical temperature and the light-induced particle propulsion. Figs.1e,f show the in-plane positional and orientational component of an active particle which is subjected to a periodic laser illumination. In contrast to the translational motion, which alternates between self-propulsion (light on) and Brownian diffusion (light off), no differences in the angular component are found. The latter is expected, because for homogeneous illumination, the particle orientation is entirely determined by its rotational diffusion and independent of self-propulsion. To compare the particle's motion in Newtonian liquids for continuous and periodic illumination, we have analyzed the positional and orientational component of their trajectories. To allow for a direct comparison, the timeaveraged illumination intensity was identical in both cases. Figs.1g,h show the positional and angular mean square displacements (MSDs) for periodic, T mod = 1.5s (blue), and steady (gray) illumination, respectively. Apart from deviations in the short timebehavior of the translational MSD [35] , the diffusive long-time behavior is identical for periodic and steady illumination. This demonstrates that a steady state in the particle motion is reached within the illumination period. Such behavior is consistent with the fact that the temperature profile around a micron-sized capped colloid suspended in a liquid with thermal diffusivity α ∼ 10 −7 m 2 /s reaches its steady state after a time scale R 2 /α ∼ 10 −3 s [34] . Note that this is at least two orders of magnitude shorter than the time-scales of our experiments, namely τ = 1.5 s and the smallest modulation period T mod = 0.2 s in our experiments.
In the following, we discuss our observations after adding PAAm to the critical solution, i.e. in a viscoelastic fluid. Because the viscosity is enhanced by a factor of 25 after adding the polymer (η 0 =0.100 ± 0.015 Pa s), the particle's diffusive reorientation dynamics becomes much slower compared to above. This is seen in Fig.2a , which shows the rather straight particle trajectory under constant illumination over 400s [36] . When the active motion is periodically turned on and off, drastic directional changes appear. These reorientation events mainly occur when the illumination is turned off, as shown by the arrows in Fig.2b . The effect of the modulated propulsion on the particle's trajectory is seen in more detail in Fig.2c . During each illumination period the particle is translated by several hundreds of nanometres. In the absence of illumination, a much smaller reverse motion occurs. Contrary to the Newtonian case, here pronounced differences between periods with and without illumination are also observed in the orientational particle dynamics (Fig.2d) : while only slow orientational changes occur during selfpropulsion, abrupt directional changes arise when the illumination is turned off.
The above observations can be explained by an elastic recoil, which is experienced by the particle after illumination is turned off. The presence of such recoils has been recently demonstrated in microrheological experiments, where a colloidal particle was driven by a moving optical tweezer through a viscoelastic solution [24] . When the driving force was suddenly removed, a back motion due to the recovery of the deformed fluid's microstructure was observed. Such behavior, which is absent in Newtonian liquids, is caused by the rather long (seconds) structural relaxation times being characteristic for viscoelastic fluids [29] . Fig.3 (red curve) shows the result of such a recoil experiment in the same viscoelastic solvent and for the same bath temperature T = 25
• C and particle size 2R = 7.75µm as used in the present study. The velocity before release was set to v ≈ 0.4µm/s which results in an exponential decay with a decay time of τ = 1.5s (black line) [38] . The green curve shows the transient of an equally sized active particle, which was originally self-propelling with velocity v ≈ 0.4µm/s and whose active motion was suddenly stopped by turning the illumination off. In both cases, we observe the same exponential decay, which suggests the occurrence of elastic recoil in APs in viscoelastic fluids with modulated self-propulsion.
In analogy with the Deborah number (De), which is used in rheology to characterize flows of viscoelastic materials under time-dependent deformations, in the following we will quantify the motion of active particles with periodic propulsion modulation by Fig.4a shows typical APs trajectories measured over 400 s duration and for T mod = 0.2, 1.5, 2.5, 4.0s (corresponding to De = 7.5, 1, 0.6, 0.375) and for I max =4 µW/µm 2 , where the arrows show the corresponding particle orientation determined from the video images by detecting the cap orientation. At low and high De, the trajectories are rather straight, but become quite wiggly at De =1.
To quantify the change of the particle orientation ∆θ during the off-period, we have calculated the normalized probability distributions of ∆θ (Fig.4b) . Compared to constant illumination (De=0), the distributions become wider, which suggests that the particle reorientation is strongly modified by T mod . Around De=1, the width of the distribution is the largest and exhibits orientational changes of several tens of degrees after a single modulation.
We have also calculated the mean-square displacement of the angular particle orientation θ , ∆θ(t) 2 = [θ(t 0 + t) − θ(t 0 )] 2 , where the brackets denote time averaging over t 0 . We plot the behavior of ∆θ(t) 2 for different De in Fig.4c . Towards long times, the growth of ∆θ(t) 2 becomes linear with t. Interestingly, the slope changes with De. Therefore, in the long-time limit we can determine an effective rotational diffusion coefficient D (De) r , which depends on the Deborah number, as
From the slope we obtain a De-dependent D r which is plotted (normalized to D 0 r ) in Fig.4d . The graph displays a maximum at De=1 with an enhancement factor around 800. We also investigated the dependence of D r /D 0 r on the propulsion velocity. The data, which are plotted in Fig.4e for De=1, show a remarkably strong and nonlinear increase of the rotational diffusion on I max . Qualitatively, this can be understood by considering that the elastic stress in the fluid increases when the particle is faster. Accordingly, the deformation of the fluid and, thus, the recoil (being responsible for the particle's reorientation dynamics) becomes enhanced.
As mentioned above, the elastic recoil also affects the translational particle dynamics. This is shown in Fig.5a , where we show that the translational MSD ∆r(t) 2 , (calculated in the same manner as the angular MSD) obtained from trajectories of at least 3600 s for different De. The deviations from a linear behavior (oscillations) at short times are due to the propulsion modulation. Similar to the situation of Newtonian liquids (Fig.1g) , the long-time behavior is linear in time, i.e. entirely diffusive ( ∆r(t) 2 = 4D t t ). Finally, we also have investigated the dependence of D t /D 0 t vs. De for I max = 4 µW/µm 2 (red squares) and 2 µW/µm 2 (black circles). Independent of the illumination intensity, we observe a strong enhancement of D t /D 0 t around De=1. A dependence of the translational diffusion coefficient for APs with time modulated propulsion force has been theoretically predicted also for viscous fluids [35] . The magnitude of the enhancement observed by us is, however, considerably larger and, obviously, results from the periodic elastic recoils which are experienced by the AP when its self-propulsion is modulated in time.
Conclusions
In contrast to Newtonian fluids, where orientational changes of APs are usually determined by their slow rotational diffusion, we have shown that much faster directional changes can be induced in viscoelastic environments when the self-propulsion of APs is periodically modulated in time. As a result of the modulated propulsion strength, the translational and directional dynamics becomes disentangled in time. Our observations are explained by the elastic stress, which builds up during self-propulsion and which is suddenly released when the propulsion is turned off. Because this relaxation process couples to the particle dynamics, it results in an increased translational and rotational particle diffusion, which peaks when modulation time is identical to the microstructural relaxation time of the fluid. In addition to a variation of the modulation time, we expect that the particle's dynamics should also depend on the functional shape of the modulation (rectangular, sinusoidal, sawtooth, etc.) and thus allows to optimize the locomotion to different types of environments. Because the particle reorientation dynamics is key for the stability of clusters and the motion of APs through topographical landscapes, the possibility to control the rotational motion of APs may suggest novel strategies for particle steering under conditions where rapid directional changes are required. Figure A1 . Viscosity η as a function of the shear rateγ for the viscoelastic PAAm critical mixture measured at three different temperatures: T = 25
• C (dashed green line), and T = 31
• C (solid red line).
